Introduction
Lead is a toxic element that accumulates in the vital organs of humans and animals. Over the long-term, accumulated lead can cause severe hematological damage, brain damage, kidney malfunction, and symptoms of anemia and muscle weakness. 1 Pollution of the environment with Pb(II) is now a serious problem. As such, removal of Pb(II) from industrial effluents and contaminated environmental matrices has become a very important task.
Liquid-liquid extraction is a very versatile analytical method for separation, purification, and removal of target metal ions. This technique is widely used in research and industry to selectively separate target metal ions from aqueous solutions containing multiple metal ions. Recently, attention has focused on application of liquid-liquid extraction to the removal and preconcentration of toxic metal ions for environmental protection. [2] [3] [4] [5] The extractant plays an important role in determining the efficiency of the extraction and separation processes. Thus, the development of novel extractants, which perform better than conventional commercial extractants, is required for effective removal of toxic metal ions. For example, macrocyclic ligands such as crown ethers [6] [7] [8] [9] and calixarenes [10] [11] [12] [13] are known to exhibit specific interactions with Pb(II) because of the size fitting effect. However, these methods are time-consuming and expensive for large-scale application. Ionizable extractants are more advantageous than neutral extractants because metal transfer can be simply controlled by the pH of the aqueous solution, and the process involves no anionic species. [14] [15] [16] Recently, we reported the synthesis and extraction performance of N,N-dioctyldiglycol amic acid (DODGAA, Fig. 1) , [17] [18] [19] [20] [21] [22] which is an acidic tridentate ligand with a carbamoyl group and a carboxy group connected by an ether chain. DODGAA contains only C, H, O and N atoms and can be completely combusted, which eliminates secondary waste from the extraction process (CHON principle). 17 Because the extractant can be synthesized simply in a single step, this helps to reduce its production costs.
In the present study, DODGAA was investigated for extraction of Pb 2+ from aqueous solutions containing multiple divalent metal ions. Extraction of Pb 2+ with DODGAA was compared with that using the commercial carboxylic acid extractant, 2013 © The Japan Society for Analytical Chemistry † To whom correspondence should be addressed. ) was investigated using liquid-liquid extraction. N,N-Dioctyldiglycol amic acid (DODGAA) enabled quantitative extraction and efficient separation of Pb 2+ from the metal ion mixture under mildly acidic conditions. Compared with conventional commercial extractants, DODGAA provided better extraction and excellent selectivity for Pb 2+ . The extraction of Pb 2+ with DODGAA proceeded through a proton-exchange reaction and formed a 1:2 complex, Pb(DODGAA)2. The Pb 2+ was readily stripped from the extracting phase under acidic conditions, and the organic solution with DODGAA could be recycled. Fig. 1 ). In addition, the mechanism of Pb 2+ transfer using DODGAA was determined by slope analysis. Back-extraction of Pb 2+ and recycling of the extracting phase were investigated.
Experimental
Reagents DODGAA was synthesized according to a published procedure. 17, 18 The commercial organophosphorus extractant D2EHPA was obtained from Tokyo Kasei Kogyo Co., Inc. (Tokyo, Japan), and PC-88A was kindly supplied by Daihachi Chemical Industry (Osaka, Japan). The commercial carboxylic acid type extractant Versatic 10 was kindly supplied by Shell Japan, Ltd. (Tokyo, Japan). The commercial extractants were used without further purification. Lead ) were added to 2-morpholinoethanesulfonic acid (MES) buffer to give metal ion concentrations of 0.01 mM (1 M = 1 mol L -1 ), and the pH was adjusted by the addition of either HNO3 or NaOH. Equal volumes of the organic and aqueous solutions were mixed and shaken mechanically at 25 C for 30 min to attain equilibrium. After separation of the two phases by centrifugation, the metal ions in the organic phase were back-extracted into 1 M HNO3. The concentrations of metal ions in the aqueous phase and the receiving phase were determined using inductively coupled plasma mass spectrometry . The subscripts org, aq and ini denote the organic phase, the aqueous phase and the initial condition, respectively. The equilibrium pH values of the aqueous phases were also measured.
Results and Discussion
The extraction of Pb 2+ from an aqueous phase containing multiple divalent metal ions (Pb 2+ , Cu 2+ , Cd 2+ , Zn 2+ , Mn 2+ , Co 2+ , and Ni 2+ ) with DODGAA was investigated as a function of the pH of the aqueous phase to assess the selectivity. The extraction performance of DODGAA for Pb 2+ was compared with those of the commercial extractants Versatic 10, D2EHPA and PC-88A (Fig. 2) , and Ni 2+ . Efficient extraction separation of Pb 2+ from the metal ion mixture was achieved under mildly acidic conditions (Fig. 2a) . By contrast, the commercial carboxylic acid type extractant Versatic 10 provided very low extraction performance, even though it was selective for Pb 2+ under neutral aqueous conditions (Fig. 2b) . Although both DODGAA and Versatic 10 are CHON-based extractants with a carboxy group, DODGAA showed remarkably high extraction and separation of Pb 2+ compared with Versatic 10. This is probably because of a cation-oxygen-donor interaction and a chelate effect created by the tridentate diglycol amic acid structure and an electrostatic interaction. The commercial organophosphorus extractants D2EHPA and PC-88A performed well for extraction of the metal ions. However, because they were selective for Zn 2+ over Pb 2+ , both extractants failed to selectively separate Pb 2+ from the metal ion mixture (Figs. 2c and 2d) .
The extraction mechanism of Pb 2+ with DODGAA was investigated by slope analysis. Figure 3 shows the logarithmic plots of the distribution ratios of Pb 2+ with DODGAA as a function of the aqueous phase pH (a) and the logarithmic DODGAA concentration (b). The logarithmic plot of the distribution ratio versus the aqueous phase pH was linear with a slope of 1.85 for Pb 2+ extraction. This result suggests that two protons from the DODGAA molecules are released into the aqueous phase to form neutral complexes with divalent Pb 2+ ions through a proton-exchange reaction. It was confirmed that the pH values in the aqueous phases were lower after extraction. A linear plot with a slope of 1.99 was obtained for the DODGAA concentration. This indicates that two DODGAA molecules are required to extract one Pb 2+ , and a 1:2 complex, Pb(DODGAA)2, is formed. Based on the slope analysis, the extraction equilibrium equation of Pb 2+ transfer using DODGAA (HA) was determined as follows:
The extraction equilibrium constant (Kex) for transfer of divalent metal ions (M
2+
) through a proton-exchange reaction is expressed as follows: , and Ni 2+ ) tested in this study. These results suggest that both Pb 2+ and other divalent metal ions are extracted through the proton-exchange reaction represented by Eq. (1) . The values of log Kex determined from the extraction data in Fig. 4 are listed in Table 1 .
Stripping of extracted Pb 2+ from the organic phase was investigated. Quantitative recovery was achieved with a 1 M HNO3 solution as the receiving phase because DODGAA loses its ability to coordinate to Pb 2+ under acidic conditions. Furthermore, recycling of the organic phase containing DODGAA was investigated after using the 1 M HNO3 solution . As shown in Fig. 5 , following five cycles of forward and back extraction, DODGAA in the organic phase maintained its high extraction performance for Pb 2+ (extractability of Pb 2+ was 98 -99%). DODGAA did not decompose in the acidic solution, and leakage of DODGAA from the organic phase into the receiving phase was negligible. These results demonstrate that the organic solution with DODGAA can be recycled as the extracting phase.
Conclusions
The extraction behavior and separation of Pb 2+ from aqueous solutions containing multiple divalent metal ions was investigated using DODGAA. DODGAA selectively separated Pb 2+ from the metal ion mixture, and showed high extraction and separation performances for Pb 2+ relative to conventional commercial extractants such as Versatic 10, D2EHPA and PC-88A. The metal transfer was found to proceed through a proton-exchange reaction, forming a 1:2 complex. The organic solution with DODGAA could be recycled as the extracting phase after stripping out the metal with an acidic solution. These findings suggest that DODGAA is a promising extractant for the removal of toxic metal ions from industrial effluents and contaminated environmental matrices.
